optimum cell concentration was 5 x 107 cells per ml. The optimum concentration of Cs+ was 1.0 M. Transformation efficiency increased with increasing concentrations of plasmid DNA. Polyethylene glycol was absolutely required. Heat pulse and various polyamines or basic proteins stimulated the uptake of plasmid DNA. Besides circular DNA, linear plasmid DNA was also taken up by Cs+-treated yeast cells, although the uptake efficiency was considerably reduced. The transformation efficiency with Cs+ or Li+ was comparable with that of conventional protoplast methods for a plasmid containing arsi, although not for plasmids containing a 2,um origin replication.
Yeast cells have been transformed with protoplasts prepared by lytic enzyme treatment (6) . However, the preparation of protoplasts and their subsequent regeneration in solid medium are tedious and time consuming, and sometimes protoplasts have low regeneration efficiency. Therefore, the development of more convenient methods for yeast transformation were sought.
Previously (9) , Triton X-100, a nonionic detergent, was shown to alter yeast cell membranes so that various extracellular mononucleotides were incorporated into cells. This detergent had no effect on the viability of yeast cells (8) . These observations suggested that yeast cells treated with Triton X-100 or other detergents might take up plasmid DNA like Escherichia coli cells treated with CaCl2. Therefore, we studied the uptake of plasmid DNAs by intact yeast cells treated with various agents such as detergents and metal ions. Our results show that alkali metal ions such as Li', Na+, K+, Cs+, and Rb+ are effective for inducing competence in yeast cells. On the other hand, detergents were not as effective in inducing competence. By using intact yeast cells treated with these monovalent cations, we could obtain a transformation efficiency that in some cases was comparable with that of the current protoplast method.
(A preliminary report of this work was presented at the Annual Meeting of the Agricultural Chemical Society of Japan, Tokyo, Japan, 4 April 1982. This work was also presented at the Fourth International Symposium on Genetics of Industrial Microorganisms, Kyoto, Japan, 6 to 11 June 1982.) MATERIALS AND METHODS Strains. Saccharomyces cerevisiae D13-1A (a his3-532 trpl gall) and D308.3 (a adel trpl his2 metl4 hxkl hxk2 glk2), gifts from P. K. Maitra, were used as the recipient strains for plasmids YRp7 and YEp6. S. cerevisiae AH-22 (a leu2-3 leu2-112 his4-519 canl), a gift from N. Gunge, was used as a recipient strain of plasmid pDB248. E. coli C600 (F-hsdR+ hsdM+ recA+ thr leu thi lacY supE tonA) was used for the preparation of plasmids YRp7 and YEp6. E. coli C600 (F-hsdR hsdM recA+ thr leu thi lac Y supE tonA) and E. coli TrpC9830 (16) (2) with cells growing logarithmically on selective minimal medium. The second method was analysis with cleared lysates prepared from E. coli C600. The E. coli C600 cells were prepared as follows. Competent cells of E. coli C600 after CaCl2 treatment were incubated with the cleared lysates prepared from Trp+ yeast transformants, and the transformed E. coli C600 cells were selected as tetracycline-or ampicillin-resistant (Tetr, Ampr) colonies since plasmid YRp7 carries the genes for both Tetr and Ampr. Cleared lysates of E. coli C600 were prepared by the method of Nagahari (12) .
Electrophoresis in agarose gel. Electrophoresis in agarose gel (slab type; 0.7%) was carried out with the buffer described by Helling et al. (5) . After electrophoresis, gels were stained with ethidium bromide, and the bands were photographed under UV light.
Digestion of plasind DNA. Plasmid YRp7 DNA was digested with restriction endonucleases at 370C overnight in 0.1 ml of a mixture containing (for BamHI) 10 mM Tris-hydrochloride (pH 7.5), 7.0 mM MgCl2, 150 mM NaCI, 0.2 mM EDTA, 7.0 mM 2-mercaptoethanol, and 0.01% bovine serum albumin; or (for Sall) 10 mM Tris-hydrochloride (pH 8.0), 7.0 mM MgCl2, 100 mM NaCI, 2.0 mM 2-mercaptoethanol, and 0.01% bovine serum albumin. Chemicals. The chemicals used were all analytical grade reagents. Restriction endonucleases were purchased from Takara Shuzo Co., Ltd., Kyoto, Japan. PEG-4000 (average molecular weight, 3,000 to 3,700) was purchased from Nakarai Chemicals Co., Ltd., Kyoto, Japan. Zymolyase 60000 was obtained from Kirin Brewery Co., Ltd., Tokyo, Japan.
RESULTS
Effects of cations. formation efficiency increased with increasing concentrations of plasmid DNA (Fig. 5) .
Effect of cell age. The effect of cell age on transformation was investigated ( Table 3 ). The highest transformation efficiency was attained by using mid-log-phase cells grown on YPD medium.
Uptake of linearized DNA. In addition to the uptake of the circular plasmid YRp7, the uptake of YRp7 linearized with restriction endonucleases (BamHI and Sanl) having a single susceptible site on plasmid YRp7 was investigated (Table 4). Digestion of plasmid YRp7 with these enzymes was carried out at 37°C overnight, and complete digestion was monitored by agarose gel electrophoresis. The linearized plasmid YRp7 was taken up by Cs+-treated yeast cells, although much less efficiently than circular YRp7. The various basic compounds did not stimulate the uptake of plasmid YRp7 linearized with endonucleases, although the marked increase in uptake efficiency of circular YRp7 was observed in the presence of spermine or hista- Table 5 ). For this experiment, two kinds of plasmids were used. One was YEp6 carrying the his3 yeast structural gene and replicator derived from 2,um DNA (13) . The other was plasmid pDB248 harboring the leu2 yeast structural gene and replicator derived from 2,um DNA. These two plasmids were also taken up by lithium acetate-treated cells, although with efficiencies 500-to 10,000-fold lower than with conventional protoplast transformation. DISCUSSION Intact yeast cells treated with alkali cations took up plasmid DNA. The characteristics of this transformation method were as follows. (i) The effective cations were limited to Li', Na+, K+, Rb+, and Cs+ in the alkali metal group of the periodic table (Table 1) . On the other hand, Ca2+ and Zn2+, which induce competence in E. coli cells (10) and plant protoplasts (14) , respectively, were inert with yeast cells. The anionic moiety had either no effect or only a slight one since lithium acetate did show higher efficiency than LiCI. (ii) PEG was required for transformation (Table 2) . By analogy with the cases of protoplast fusion (3, 7, 15) and transformation of protoplasts with plasmids (6), the effect of PEG can probably be attributed to changes in membrane charges caused by interactions among negatively charged PEG, monovalent cations, and the yeast cell surfaces. Such changes may induce both conformational changes and aggre- (Fig. 6 ). In the experiments on the uptake of linear plasmid DNA, various basic compounds were used to protect the cohesive ends generated by restriction endonuclease digestion from the attack of nucleases. However, the addition of such compounds did increase transformation efficiency (Table 4) VOL. 153, 1983 on October 19, 2017 by guest http://jb.asm.org/ Downloaded from compounds was reported on the uptake of linear DNA by tobacco protoplasts (14) . On the other hand, a marked stimulatory effect of spermine and histamine on the uptake of circular plasmid DNA was observed. This effect was presumably due to the modification of DNA molecules so as to facilitate entrance through the holes or pores generated by treatment with metal ions and PEG. (iv) Various plasmid DNA species were taken up by cation-treated yeast cells (Table 5 ). The uptake of various plasmid DNA species was one of the important factors determining the usefulness of our yeast transformation system. Only plasmid YRp7 (arsl) was efficiently taken up. Plasmids YEp6 and pDB248 were taken up by S. cerevisiae D13-1A and AH-22 with efficiencies that varied from 500-to 10,000-fold lower than with the protoplast method. The poor uptake efficiency of plasmids YEp6 and pDB248 by S. cerevisiae cells may be due to incompatibility between 2,m DNA in recipient cells and plasmids carrying the 2,um DNA origin of replication, although this is not found with protoplast transformation.
Various hypotheses to explain the uptake mechanism of polynucleotides into E. coli are presented and well summarized by Grinius (4) . The chemiosmotic mechanism of DNA transport predicts the obligatory dependence of the DNA transport process on both the electrochemical potential gradient of H+ ions across the plasma membrane and the rearrangement of phospholipid bilayers, through which polynucleotides or polynucleoproteids can enter the cells. In our transformation system, the uptake mechanism of plasmid DNA remains obscure, but preliminary experiments showed that the uptake of plasmid DNA by cation-treated yeast cells was also driven by the membrane potential. We are now investigating the uptake mechanism in combination with the effect of basic compounds as mentioned above.
The 
